The stability of proposed ITER scenarios with respect to low-medium mode number Alfvénic instabilities driven by fusion-produced alpha particles is investigated by hybrid MHD-particle simulations. Three cases are considered: the monotonic safety factor scenario (SC2), the reversed-shear one (SC4) and a flat safety factor profile 'hybrid' scenario (SCH). All the three cases are found unstable, even though the mode growth rates are quite small. The investigation is extended to cases with larger drive, which could be realistically obtained because of a moderate increase in electron and bulk-ion temperatures as well as by inclusion of energetic particles produced by additional heating methods. It is shown that, in the SCH case, if the drive exceeds the reference value by a factor ∼1.6, fast growing energetic-particle modes (EPMs) are driven unstable by the resonance with trapped alpha particles. The effects of nonlinear mode dynamics on the alpha-particle confinement at the reference drive are negligible for the SC2 and the SCH cases. For the SC4 scenario, some broadening of the alpha-particle pressure profile is observed, indicating inconsistency problems of the scenario itself. Simulations performed with increasing drive intensity show that a strong flattening of the alpha-particle pressure profile can occur in the inner plasma region for the SC2 case, while global confinement is not significantly affected. In the SC4 and SCH scenarios nonlinear effects are more pronounced in the outer portion of the discharge, where the modes are localized, with less impact on the on-axis pressure value with respect to the SC2 case. While for SCH such effects are observed only above the threshold for EPM destabilization, in the SC4 case significant alpha particle losses can occur even at moderately increased drive.
Introduction
In a burning plasma, energetic ions (as, e.g. alpha particles) are expected to transfer their energy via Coulomb collisions to the thermal plasma, thus providing a nuclear self-heating mechanism and a route to ignition. It is well known that, due to their super-Alfvénic speed, they can resonate with and possibly destabilize shear-Alfvén modes. Energetic-ion transport and confinement properties can in turn be affected by the nonlinear interaction with the Alfvénic modes themselves. Several evidences of rapid transport of energetic ions related with fluctuations in the Alfvén-mode frequency range have been observed in plasmas heated by different auxiliary power systems [1] as reported, e.g. in the JT-60U tokamak [2] [3] [4] in connection with the so-called abrupt large amplitude events (ALEs). A comprehensive description of experimental observations of collective mode effects on fast ions is given in [1] and references therein. Meanwhile, particlesimulation studies have shown [5] [6] [7] [8] [9] [10] [11] that energetic-ion redistribution can take place because of fast growing Alfvén modes, like, in particular, energetic-particle driven modes (EPMs) [12] .
On the other hand, the operation scenarios for nextstep proposed burning-plasma experiments, such as ITER-FEAT [13, 14] , are usually obtained from equilibrium and transport codes which do not include the physics required to describe shear-Alfvén modes: the possibility that these modes are excited and, eventually, produce macroscopic transport of alpha particles themselves is neglected. Thus, consistency problems of the envisaged burning-plasma scenarios may occur, in particular with reference to the alpha-particle radial profile and, therefore, to the fusion power density. In this paper the stability of various ITER equilibria with respect to shear-Alfvén waves is investigated by means of the hybrid MHD-gyrokinetic code (HMGC) [5, 15, 16] . This simulation approach allows us to study the nonlinear evolution of unstable modes: scenarios can be considered consistent with such nonlinear dynamics if the alpha-particle pressure profile resulting from the mode saturation process is very close to the initial one; on the contrary, strong differences between the profiles with and without shear-Alfvén mode dynamics would indicate the inconsistency of the corresponding scenario. In the latter case, more detailed analysis would be required in order to define the reference equilibrium profiles in a more reliable way.
The paper is organized as follows. Section 2 describes the model adopted in simulating the burning plasma. The relevant features of the three different ITER scenarios, considered here, are presented in section 3. The linear stability for each of these cases is discussed in section 4, while section 5 examines the nonlinear effects of the Alfvén modes on the alpha-particle transport. Conclusions are reported in section 6.
The model
The plasma model adopted in the HMGC code consists of a thermal plasma and an energetic-particle population [5, 15, 16 ]. The former is described by reduced O(
3 ) MHD equations [17, 18] in the limit of zero pressure ( being the inverse aspect ratio of the torus), including resistivity and viscosity terms; limiting to O(
3 ) terms allows us to investigate only equilibria with shifted circular magnetic surfaces. The energetic-particle population is described by the nonlinear gyrokinetic Vlasov equation [19, 20] , solved, by particlein-cell (PIC) techniques, in the limit k ⊥ ρ H 1 (with k ⊥ being the perpendicular component of the wave vector to the magnetic field and ρ H the energetic-particle Larmor radius). Energetic particles and thermal plasma are coupled through the divergence of the energetic-particle pressure tensor, which enters the vorticity equation [21] . Numerical simulations are performed retaining, for each scenario, the relevant thermal-plasma quantities-the on-axis equilibrium magnetic field, major and minor radii (R 0 and a, respectively), the safety-factor q, the plasma density n e , the electron temperature T e -and the ratio between alpha-particle and magnetic pressures β H .
Energetic particles are loaded according to an isotropic slowing-down distribution function with an upper energy cutoff given by the fusion energy of alpha particles and the critical energy E c given by the Stix expression [22] . In the following we assume, for simplicity, n D = n T = n i /2 and n i = n e ; thus E c 33.0 T e . Here n D , n T , n i are the deuterium, tritium and (total) bulk-ion densities, respectively.
Simulation particles are loaded initially, for convenience, in the (µ, v , ψ) space (µ, v being the magnetic moment and the parallel velocity of the energetic particles and ψ the magnetic flux function, respectively): except for µ, these quantities are not canonical invariants of motion and, thus, the initially loaded distribution function will relax, on a short time scale, to an equilibrium distribution function because of phase Table 1 . Plasma and device parameters for the three considered ITER-FEAT scenarios. Here a and R 0 are the minor and major radius of the torus, respectively, q 95% is the value of the safety factor at the surface where the poloidal flux is the 95% of the total, B T is the on-axis toroidal magnetic field, n e0 , T e0 , n H 0 and β H 0 are the on-axis electron density, electron temperature, alpha-particle density and the ratio between alpha-particle and magnetic pressures, respectively and α H,max is the maximum value of the local alpha-particle drive, located at r = r α H,max .
SC2
SC4 SCH mixing. Typically, the relaxed distribution function is slightly broader in space than the original one. Correspondingly, our results will slightly underestimate the alpha-particle drive, and, hence, the instability level of a given equilibrium. On the contrary, an overestimation of the mode growth rates can be given, in our model, by neglecting the kinetic bulk-plasma damping mechanisms. In fact, we will evaluate a posteriori the strength of the most important among these mechanisms-namely, the ion and the trapped-electron Landau damping-checking that the validity of our results is not significantly affected by this approximation.
For simplicity we neglect the nonlinear mode-mode coupling among different toroidal mode numbers, then limiting the analysis to the evolution of a single toroidal mode n, while keeping fully nonlinear dynamics for energetic particles. Fluid nonlinearities are not expected, indeed, to considerably alter shear-Alfvén mode dynamics [5] . Note, however, that considering a single toroidal mode could underestimate the nonlinear effects on alpha-particle transport, e.g. neglecting resonance overlap and orbit stochastization in phase-space.
In order to have a more complete picture of the Alfvén mode dynamics, we will extend our investigation to values of the on-axis β H (β H 0 ) larger than the reference value (β H 0,scenario ), while keeping the normalized profile, β H /β H 0 , unchanged.
ITER scenarios
Three different ITER-FEAT scenarios have been considered: the reference monotonic-q scenario ('scenario 2', SC2), the reversed shear scenario ('scenario 4', SC4) and an intermediate ('hybrid'), recently proposed, flat-q scenario ('scenario H', SCH). Data corresponding to the two former scenarios are available at the (ITER) Joint Work Site [23] ; those related to SCH have been obtained by the package of simulation codes CRONOS [24] .
SC2 is an inductive, 15 MA scenario, with 400 MW fusion power and fusion yield Q 10. SC4 is a steady state, 9 MA, weak-negative shear scenario, with about 300 MW fusion power and Q 5; the q profile is characterized by q min 2.4 Figure 1 . Radial profiles of safety factor (q), normalized bulk-ion (n i ) and alpha-particle (n H ) densities, electron temperature (T e ) and alpha-particle local drive (α H ), for ITER-FEAT SC2 (left), SC4 (centre) and SCH (right) scenarios.
and r qmin /a 0.68. SCH is a steady state, 11.3 MA weakpositive shear scenario, with about 400 MW fusion power and Q 5. Other significant plasma and device parameters are reported in table 1, while the radial profiles of the relevant quantities are shown in figure 1. Note that, while β H 0 varies within a factor 1.5 between the different scenarios (with SCH corresponding to the largest value and SC4 to the smallest one), the maximum value of the local alpha-particle drive α H,max ≡ max{−R 0 q 2 β H } (with 'prime' denoting the radial derivative) varies by more than a factor 7 (with SC4 and SC2 having the highest and lowest values, respectively).
Linear dynamics
In this section we examine the linear dynamics of the considered ITER-FEAT scenarios, as it emerges from the first (low field amplitude) phase of the simulations.
SC2 monotonic-q scenario
Let us first consider the case of the monotonic-q scenario (SC2). Several toroidal mode numbers, with n 2, are found unstable. This can be seen from figure 2, which shows the growth rates obtained at different values of β H 0 (with fixed normalized profile, β H /β H 0 ). At the reference β H 0 value (β H 0,SC2 ), the most unstable one turns out to be n = 2 (γ /ω A0 0.027, with ω A0 ≡ v A0 /R 0 being the on-axis Alfvén frequency and v A0 the on-axis Alfvén velocity), though the growth rate of n = 4 is only slightly smaller (γ /ω A0 0.023). Note that the same scenario had been investigated in a previous paper [25] and found to be linearly stable. The disagreement may be traced back to some differences between the equilibrium profiles considered here [23] and those used in [25] (obtained from [26] ), as well as to some approximations adopted therein (an 'equivalent' Maxwellian distribution function instead of a slowing-down, with parameters chosen to make the two as close as possible, and an inverse aspect ratio smaller than the actual one, with appropriate rescaling of the drive).
Figure 3 (top) shows the power spectra of scalar-potential fluctuations in the (r, ω) plane: for all the considered n values, the mode structure is radially localized around r/a 0.3, close to the position where the local drive α H is maximum (see table 1 ). From the same figure, we observe that, for all the considered toroidal numbers, the modes stay below the local minimum of the lower Alfvén continuum, in a large (because of the internally flat q profile) damping-free region. On the basis of such a feature, we expect that these modes would survive even without the contribution of energetic particles, revealing their original MHD nature. This is confirmed by figure 3 (bottom), corresponding to the limit β H 0 → 0: simulations are performed by the same particle code, with vanishingly small energetic-particle density and randomly initialized fluctuating electromagnetic fields; on long time scales, only the less damped oscillations are appreciable, along with their real frequencies. In this limit, the modes connect to quasi-marginally stable, purely MHD, modes (i.e. modes that, in the absence of dissipation, would have purely real frequency: the weak damping we observe is, in fact, mainly due to resistivity and viscosity, artificially increased, in our simulations, for the sake of numerical stability [15] ). In this respect, such modes differ from the EPMs, which, because of continuum damping, do exist only if the energetic-particle drive exceeds a certain threshold.
The fact that the maximum growth rates are found for n = 2 may be surprising, as long as one expects the drive to scale as the energetic-particle diamagnetic frequency ω * H (linearly increasing with n). This expectation, however, is well founded only in the limit of a small orbit width and as far as the mode is free to choose its frequency in such a way to maximize the drive itself. Actually, the mode localization in the (r, ω) space is also heavily influenced by the need for minimizing the continuum damping. Different n values can then correspond to differences in the resonant excitation of the modes, both because of diversities in the continuum structures and because of the different dependences of various resonance frequencies on n (namely, the precession and precession-bounce frequencies: cf section 4.3). Further deviation from the linear n scaling of the drive is given by finite orbit width averaging, which yields a maximum-drive n roughly given by k ⊥ ρ ∼ 1 [27] [28] [29] [30] , with k ⊥ ≈ nq(r)/r and ρ being the typical resonant-particle orbit width. Trapped particles are particularly sensitive to these effects due to the ∝ n dependence of their toroidal precession frequency as well as to their characteristic orbit size ρ ≡ ρ B ρ d (with ρ B and ρ d being the banana and drift orbit widths, respectively). Thus, we expect that the linear-n-dependence range of the drive is more limited for those modes which are predominantly excited by the trapped particle population. For such modes, if localized as those shown in figure 3 (top), the maximum-drive condition yields n max ≈ 4. We can draw two conclusions from the latter result: first, the dominant destabilization mechanism for the modes examined in the present Section is probably the resonant interaction with trapped particles; if it were not so, we would find increasing growth rates for all the considered n range.
Second, we are justified in considering our moderate-n analysis complete enough as far as the trapped-particle dynamics is concerned, while we cannot rule out that resonant circulating particles can excite higher-n modes (not studied in the present paper) with larger growth rates than those found in figure 2 .
Finally, we evaluate the strength of the ion and trappedelectron Landau damping, neglected in our numerical model, in order to check the validity of the above results. It turns out that the corresponding damping rates, in the radial region where the modes are localized, are very limited: for the most unstable case, n = 2, they are less than 4% of the growth rate obtained in the simulation.
SC4 reversed-shear scenario
The analysis of the linear dynamics of the reversed-shear scenario (SC4) shows that also in this case the toroidal mode number n = 2 is the most unstable one, at the reference β H 0 value, with growth rate γ /ω A0 0.027 (see figure 4 ). Similar considerations to those developed in section 4.1 can be proposed to motivate the n behaviour of the growth rates; note, in particular, that the estimate k ⊥ ρ B ∼ 1 yields, in this case, n max ≈ 2. The localization in radius and frequency of the modes appears to be connected, for all the considered toroidal numbers, with a local maximum of the lower Alfvén continuum, corresponding to the existence of a minimum in the safety factor q (see figure 5 top); in this respect, the modes resemble the so-called Cascade modes [31] . We report the results for n = 2 and n = 4 only, because of the numerical noise affecting those obtained in the (very weakly unstable) larger-n cases. A second mode, slightly weaker than the dominant one, is observed for n = 2. It is localized around r/a 0.42 and ω/ω A0 0.17, in the throat of the toroidal gap immediately inside the minimum-q surface. It has growth rate (not reported in figure 4 ) γ /ω A0 0.019. For the other toroidal number n = 4, considered here, figure 5 (top-right) shows that the frequency difference between the modes above the local maximum and the gap throat is so reduced that the two modes coalesce into a single, radially extended one.
Neglecting ion and trapped-electron Landau damping appears to be justified, a posteriori, also in this case: for n = 2, for example, the damping rates are, in the mode region, less than 10% of the calculated growth rate.
Similarly to the previous case, we see, from figure 5 (bottom), that all the examined unstable modes may be identified as MHD modes modified by energetic particles, rather than EPMs, strictly speaking. Note that, in the β H 0 → 0 limit, the Cascade modes become more localized in radius, in order to minimize the intersections with the shear-Alfvén continuous spectrum, which, in the absence of energeticparticle drive, would cause them to be strongly damped.
SCH hybrid scenario
The ITER-FEAT hybrid scenario (SCH) presents some peculiar features. At the reference β H 0 value, only modes very close to marginal stability are found. The least weak ones have similar radial localization as those examined in the SC2 case. The similarity extends to the frequency localization, since the modes lie below the local minimum of the lower Alfvén continuum. This can be seen from figures 6 and 7 (top). The former shows, besides the growth rate (left), the frequency (centre) and the radial localization (right) of the most relevant modes as well. Figure 7 (top) refers to the n = 2 and n = 4 modes at the reference β H 0 value (the strongest mode for n = 4 is indicated by an arrow); as in the SC4 case, modes with higher n are not reported because of their weaker growth rate and numerical noise. The analogies with the SC2 case are not surprising, due to the similarity of the internal (r/a 0.5) q profile and Alfvén-continuum structure in the two scenarios. What clearly distinguishes the two cases is the fact that, in the hybrid scenario, the energetic-particle drive is maximum around r/a 0.6 (see table 1 ), quite far from the mode localization. This motivates the lower growth rates obtained in the SCH than in the SC2 case, in spite of the higher value of α H,max : indeed, the most unstable mode for SCH (n = 4) has growth rate γ /ω A0 0.004, to be compared with γ /ω A0 0.027 obtained for the SC2 n = 2 case. Note, in this respect, that the mode localization results from the competition between drive and damping mechanisms. If the damping that the modes would suffer around the maximumdrive surface is too large, the most unstable ones will grow around a different radial surface. This is indeed the case for the present scenario: the internal radial localization is more favourable than that around the α H,max surface, because the mode can better accommodate its frequency in such a way that large continuum damping is avoided.
It is natural to expect, also in this case, that these modes smoothly connect to quasi-marginally stable MHD modes, when the energetic-particle drive is decreased to zero. This expectation is supported by the β H 0 dependence of γ /ω A0 for the modes we are considering ( figure 6 left, open symbols), which is remarkably weakened as β H 0 is reduced. The MHD nature of the modes is indeed confirmed by the results, analogous to those discussed in the SC2 case, shown in figure 7 (bottom).
Ion and trapped-electron Landau damping in the mode localization region can be estimated to be of the same order of magnitude as those calculated for the previous two scenarios. In this case, however, the growth rates obtained in the simulation are so low that the inclusion of these neglected mechanisms in the model could affect the conclusions about the stability of the scenario at the reference β H 0 value.
Most interesting, for this scenario, is the large-β H 0 behaviour of the system. When increasing the drive above the reference value, a different class of modes is found unstable. They are localized around the maximum drive radial position (r/a 0.6), with frequencies deeply inside the Alfvén continuum (see figure 6 centre and right, full symbols, and figure 8 ; the latter refers to modes with n = 4, n = 6, n = 8, for β H 0 3.3β H 0,SCH ). Different from the modes examined until now, these modes are not connected with MHD modes: they can exist only if the energetic-particle drive exceeds a certain threshold set by continuum damping. This is clear from figure 6 (left), where we have indicated them as EPMs (full symbols), consistently with these characteristics. The finite threshold character of EPMs can also be appreciated from figure 9, which shows the power spectra of the fluctuating fields for a single toroidal mode number (n = 4), at three different values of β H 0 : below the threshold (left), slightly above (centre) and well above threshold (right). In the first case, only the inner MHD-like mode is observed. In the second case, both the inner mode and the outer EPM can be detected (they have comparable growth rates). In the last case, the power spectrum is dominated by the fast growing EPM.
The growth rate of these modes increases with increasing n at a given β H 0 ( figure 6 left) . This means, of course, that the larger-n modes will have a lower threshold in β H 0 . For n = 8, such a threshold is β H 0,th 1.6 β H 0,SCH . This value could appear unrealistically high, giving these modes only an academic importance. However, the strong dependence of the alpha-particle density on the electron and bulk-plasma ion temperatures n H ∼ T should be kept in mind: an uncertainty of few tens per cent in these quantities, which is plausible in consideration of the approximation of transport models, can easily yield a corresponding quite large uncertainty in β H 0,SCH .
Unlike the two previous scenarios, in this case the growth rate dependence on n, which does not exhibit a sharp cut-off, does not allow us to immediately conclude in favour of the dominance of trapped particle resonances. Such a conclusion can however be reached by looking at the real frequency of EPMs, which apparently increases with n (figure 6 centre and m H and ω cH are the alpha-particle mass and cyclotron frequency, respectively, and E fus = 3.52 MeV is the birth energy of the alpha particles. The precession resonance maximum is shown in figure 8 along with the l = −1 precession-bounce one; they are indicated by 'l = 0' and 'l = −1', respectively. The transit resonance, instead, which is strongest at ω = ω t (E fus /2m H ) 1/2 /q(r)R 0 , independent of n, should not play a major role (curve 't' in figure 8 ). To check this hypothesis, we can artificially remove the trapped particle dynamics (responsible of precession and precession-bounce resonances) dropping the mirroring term from the parallel equation of motion of the energetic particles: if the hypothesis is correct, either the frequency of the EPMs or their growth rates should be strongly affected. We consider the case n = 4, β H 0 3.3 β H 0,SCH . When the full energetic-particle dynamics is considered ( figure 10 left) , both the MHD-like mode and the EPM are unstable, with growth rates γ /ω A0 0.038 and γ /ω A0 0.052 and frequencies ω/ω A0 0.17 and ω/ω A0 0.14, respectively (see figure 6 left and centre). The results obtained by transforming trapped particles into passing are shown in figure 10 (right) . The EPM is no longer unstable, while the inner MHD-like mode is apparently less affected (γ /ω A0 0.014, ω/ω A0 0.22). Note that the artifice we adopt here is not equivalent to subtracting a portion of the energetic-particle population from the drive, but only to modifying the way such a portion can resonate with the modes: the EPMs, very sensitive to the trapped-particle resonances, lose most of their drive; MHD-like modes, in contrast, are less affected, suggesting their weaker dependence on a specific wave-particle resonance.
The maximum-drive n can then be estimated by the condition k ⊥ ρ B ∼ 1, which yields n max ≈ 7; this is consistent with the weakening of the n dependence of the EPM growth rate observed in figure 6 (left) when approaching n = 8.
As in the previous cases, we then expect that extending the investigation to larger n values would not reveal modes more unstable than those found in the present study, unless driven by the transit resonance with circulating particles.
Nonlinear dynamics
In this section, we examine the nonlinear dynamics of Alfvén modes found unstable in the different ITER scenarios, and, in particular, their effects on alpha-particle transport and confinement. This gives us some useful indications Figure 11 . Effects of the nonlinear saturation of the n = 2 mode in the SC2 case. Top: power spectra of scalar-potential fluctuations in the (r, ω) plane during the linear phase (left) and the saturated one, just after the end of the convective phase (right). Bottom: corresponding alpha-particle pressure profiles (left) and alpha-particle isoenergetic curves r y (t) (right), each defined as the radius enclosing, at each time t, a fraction y of the alpha-particle energy content. about possible inconsistencies of the proposed scenarios with collective alpha-particle behaviours.
In previous papers [6, 16] , we have shown that sufficiently unstable Alfvén modes saturate at large fluctuating-field amplitudes through a (few hundreds of Alfvén times) convection, generally yielding a sudden broadening of the energetic-particle pressure profile. This process is followed by a slower phase, during which the saturated electromagnetic fields act as a scattering source for the energetic particles, producing their further diffusion [25] . For lower growth rates, modes tend, instead, to saturate at lower field levels with very limited modifications of the energetic-particle pressure profile; this can be traced back to a softer mechanism: namely, the trapping of resonant energetic ions in the potential well of the wave [32] . A theoretical analysis of the transition from the latter weak-transport regime to strong transports dominated by avalanches is presented in [33] . Note, however, that the quantitative impact of nonlinear Alfvén-mode dynamics depends, in actual situations, on the competition of many factors, whose overall effect is hard to predict on the basis of purely theoretical analyses. Collective effects can be amplified, for example, when the safety factor q is larger, ceteris paribus, because of the larger typical particle-orbit width, as well as the stronger drive α H [6] . Moreover, the detailed shape of the Alfvén continuum can support or prevent the avalanching process [33] . The numerical simulation approach, thus, is necessary for a quantitative assessment of fast ion transport and confinement due to collective mode excitations.
In section 4, we have found that, at the reference values of the drive intensity, all the considered ITER scenarios should be stable with respect to fast-growing EPMs, while presenting weaker MHD-like unstable modes. More precisely, the reversed-shear scenario SC4 is characterized by the most unstable situation. This is due to the larger energetic-particle drive, α H , associated with larger q values. Of the other two cases, the hybrid SCH scenario is predicted to be the least unstable, with vanishingly small growth rates of the modes, in spite of having a larger energetic-particle drive than SC2. The reason is that, for this equilibrium, the drive is peaked at a radial position where the Alfvén continuum structure does not allow for the existence of an MHD-like mode. Conversely, in the inner region, where the interaction with the Alfvén continuum can be minimized, and the mode can grow, the drive is less effective.
On the basis of the low growth rates observed in the simulations, we would expect low saturated field levels and quite negligible effects on the energetic-particle confinement (even though such a statement requires, as discussed above, a quantitative assessment). It has to be considered, however, that the determination of the mode growth rate for a given configuration is affected both by the approximations adopted in our simulations and the uncertainties in defining the equilibrium profiles of the considered burning-plasma scenarios. As noted above, the strong dependence of the equilibrium β H on the electron and bulk-ion temperatures makes it possible to underestimate the drive by a significant factor, O (1) . In this respect, it is worthwhile extending the investigation to a certain range of β H 0 above the reference value for each scenario. Figure 11 shows the effects of Alfvén wave nonlinear dynamics on the SC2 monotonic-q scenario at the reference β H 0 value. In the top-left frame, the linear-phase power spectrum is reported (cf figure 3 top-left) for the modes with toroidal number n = 2 (the most unstable one for this configuration). The topright frame shows the same spectrum for the saturated phase (namely, just after the nonlinear convection has terminated). In the bottom-left frame the corresponding alpha-particle pressure profiles are compared. Finally, the bottom-right frame shows the 'isoenergetic' curves, r y (t), each defined as the radius enclosing, at each time t, a fraction y of the alpha-particle energy content. Note that the linearphase alpha-particle pressure profile slightly differs from that corresponding to the n H profile shown in figure 1 (left) , because of the relaxation process described in section 2, as a consequence of particle loading in ψ rather than the toroidal canonical angular momentum.
SC2
We see that this scenario is scarcely affected by the nonlinear saturation of the unstable modes.
This fact is consistent with all the features presented by the SC2 configuration. The most unstable mode has indeed quite a low growth rate (γ /ω A0 0.027). Moreover, it is localized in a low-q region and has little impact on the transport of alpha particles, because of their small orbit size.
From all these results, it is apparent that there is no inconsistency of this scenario with the alpha-particle nonlinear dynamics. As stated above, however, it is interesting to investigate the sensitivity of this conclusion to the uncertainties related with the approximations intrinsic to our model simulations and/or the reference scenarios. In order to address this point, we consider the effect of nonlinear saturation for an artificially increased initial β H 0 value. Figure 12 shows the same quantities as figure 11 for β H 0 2 β H 0,SC2 . It can be seen that the qualitative conclusions are not altered, as far as the global alpha-particle confinement is concerned: the effect of the nonlinear dynamics on the outer isoenergetic radii, though obviously more evident than in the reference case, is nevertheless limited. This is not true with respect to the internal radial distribution of the alpha particles: the pressure profile is flattened in the inner region, where the mode is localized, with a consequent decrease of the on-axis β H value larger than 25%. Note that, even if the mode is now more effective in displacing outwards the energetic particles and, thus, the maximum drive because of the increased saturation level, its attempt to follow the displaced maximum is frustrated by the increasing damping due to the interaction with the lower Alfvén continuum. No avalanching process is then allowed for this mode, beyond the radial surface that encloses the flat-q, damping-free region.
A complete view of the effect of increasing the drive on the saturated-phase energetic-particle pressure profile can be Figure 13 . Effect of increasing the initial β H 0 value for the n = 2 mode in the SC2 scenario: the left frame shows the ratio between the on-axis β H values in the saturated and linear phase; the right frame shows the saturated-phase values of r 95% . Figure 14 . Power spectra of scalar-potential fluctuations in the (r, ω) plane during the linear phase (top-left) and the saturated one (top-right) for the SC4, n = 2 case. Corresponding alpha-particle pressure profiles are shown in the bottom-left frame, while the bottom-right frame reports the alpha-particle isoenergetic curves r y (t). found in figure 13 . We report, at different values of the initial β H 0 value, the ratio between the on-axis β H values in the saturated and linear phases (the latter, just after the initial relaxation process)-left-along with the saturated-phase values of r 95% -right. The latter quantity gives evidence of the effects on the global confinement of alpha particles; the former is representative of their internal redistribution. Note that these quantities underestimate the whole impact of the nonlinear Alfvén-mode dynamics, as they do not include the effects of the after-saturation diffusion, which is not negligible in this case, as it can be seen from figure 12 (bottom-right) .
These results show that our conclusions concerning the consistency of the SC2 scenario should be considered with some caution: a moderate increase of the on-axis temperatures of the bulk-plasma species could produce, through the increase of the energetic-particle drive, a much less stable situation, with significant degradation of the internal alpha-particle confinement. Figure 14 presents the effects of the nonlinear dynamics on the SC4 reversed-shear scenario, for the reference initial β H 0 value. The case of toroidal number n = 2 is considered, which corresponds to the most unstable mode, also for this scenario. The effects on alpha-particle confinement are apparently more significant than in the SC2 case. This fact can be traced back to the higher value of safety factor (larger orbit widths) as well as the outer radial localization of the mode.
SC4
We observe that a certain amount of inconsistency can be attributed to this scenario, even at its reference drive value. The sensitivity of such a inconsistency level to the variation of β H 0 can be appreciated from figure 15 , which refers to a 'virtual' case β H 0 2 β H 0,SC4 . The net effect on the alphaparticle pressure profile is even more conspicuous than that observed in the SC2 case (figure 12), consistently with the larger growth rate involved (γ /ω A0 0.087 for the present case, γ /ω A0 0.052 for the SC2, increased-drive case). Moreover, the outer localization of the mode represents, in this case, a more important risk factor for the global confinement of the alpha particles and, hence, for the damage of surrounding walls. In this respect, it is worth noting that the diffusion process can induce significant losses of alpha particles, as indicated by the behaviour of the outer r y curves in figure 15 (bottom-right). It is also apparent that the combined effect of significant field saturation level and finite particle-orbit size yields a large impact on the pressure profile near the magnetic axis as well.
A quantitative indication of the dependence of these outcomes on the drive intensity can be drawn from figure 16 , where the data relative to the dynamical decrease of the on-axis β H and the degradation of the global containment are reported at different values of the initial value β H 0 . The n = 2 mode has been considered, which turns out to be the most relevant one as far as alpha-particle transport is concerned. These data show that the former effect has a weaker dependence on β H 0 than that found in the SC2 case, while the latter has a stronger one. It has to be stressed, once again, that the quantities reported in figure 16 do not include the diffusion process.
SCH
The case of the hybrid SCH scenario presents two antithetic features-the lowest growth rates at the reference β H 0 value and the potential existence of fast growing EPMs for higher drive-which give some specific reasons of interest to the analysis of the nonlinear behaviour of this equilibrium. These features have been explained, in section 4, in terms of the particular α H profile, which has its maximum outside the region where the MHD-like modes can easily grow. This fact, on the one hand, decreases the drive of such modes at the reference β H 0 ; on the other hand, it allows the destabilization of outer EPMs, if β H 0 exceeds the reference value by a certain amount (about 60%, see figure 6 ).
The results concerning the nonlinear saturation of the MHD-like modes at β H 0 = β H 0,SCH are very similar to those reported for the SC2 scenario, and are even less relevant from Figure 16 . Effect of increasing the initial β H 0 value on saturated on-axis β H and r 95% for the n = 2 mode in the SC4 scenario. The quantities have the same meaning as in figure 13 . the point of view of the alpha-particle confinement because of the lower growth rates involved. We then omit to show them explicitly. It is instead interesting to investigate whether, unlike in the previous two scenarios, increasing the drive above the reference value induces a new phenomenology in the nonlinear evolution of the configuration. With this aim, we discuss two different results: the saturation of an over-driven MHD-like mode, as for the previous scenarios, and the saturation of a well developed EPM. The former case is reported in figure 17 , which refers to the n = 2 mode at β H 0 2 β H 0,SCH . The results are still absolutely insignificant, because of the reduced growth rates and saturated fields. The situation that can be created above the threshold for the destabilization of EPMs is shown in figure 18 , where the effects of the most unstable mode (n = 8) are shown at the virtual value β H 0 3.3 β H 0,SCH (larger than the threshold condition, β H 0 1.6 β H 0,SCH ).
We see, from figure 18 (bottom), that the flattening in the alpha-particle pressure profile proceeds, during the nonlinear saturation phase, by a moderate outward particle displacement and the inward propagation of an unstable front, more effective in extending the flattening region. The overall effect, in spite of the larger growth rates and the outer localization of the mode, is more limited than that observed in the over-driven SC4 case ( figure 15 ): a moderate decrease in the central alpha-particle pressure is accompanied with a little degradation of global confinement. Figure 19 reports synthetically the results obtained at different values of the initial β H 0 for the two modes considered. It is interesting to observe the abrupt change in these effects, produced by the destabilization of EPMs. This is not surprising: the large-β H 0 , n = 2 modes are localized around a very internal radius; it is then expected that their impact on the global confinement is negligible. But also the effect on the on-axis pressure value is less relevant than that of EPMs, because of the lower growth rates (see figure 6 ) and the different saturation dynamics.
Conclusions
In the present paper we have analysed, by means of PIC simulations, the stability of proposed ITER scenarios with respect to Alfvénic fluctuations driven by fusion-produced alpha particles. Three scenarios have been considered: SC2, characterized by a monotonic q profile, the reversed-shear SC4 scenario and a flat-q-profile 'hybrid' scenario, SCH. All these cases are found unstable, though the mode growth rates are quite small. For all the scenarios, the most unstable modes correspond to low toroidal numbers (n = 4 in the SCH case, n = 2 in the other two cases). They are localized in low-shear regions (the inner portion of the plasma for SC2 and SCH, mid radius for SC4), where they can easily avoid the damping interaction with the Alfvén continuum. A common feature of these modes is represented by their MHD-like nature: in the limit of zero drive, they smoothly connect to MHD quasimarginally-stable modes. The radial localization of the modes almost coincides with that of the maximum drive for SC2 and SC4, not for SCH. In the latter scenario, the mode grows around an inner flux surface with respect to the α H peak. The fact that the mode can grow even though the drive is quite small is not surprising, because of its MHD nature (it exists even in the absence of energetic particles); at the same time, it justifies the very low growth rates obtained in this case.
If the drive is artificially increased above that of the reference scenario (preserving its normalized radial profile), apart from the obvious increase of the growth rates of these MHD-like modes, we find that destabilization of fast-growing EPMs can occur in the SCH case around the maximum drive radial position. At that position only heavily damped Alfvén oscillations can take place in the MHD limit. EPMs appear only if the energetic-particle drive exceeds a certain threshold. In the SCH case, we find that this threshold corresponds to an alpha-particle energy content a factor ∼1.6 greater than the reference value. This should not be considered unrealistically high, because at least two factors can cause an underestimation of the fast ion energy density: first, the strong dependence of the fusion-produced alpha-particle density on the electron and bulk-ion temperatures, along with the intrinsic uncertainties of transport models (a 60% error in β H can be accounted for by a 15% error in bulk-plasma temperatures) and second, the fact that equilibrium profiles used in our simulations neglect the concurrent drive associated with the energetic particles produced by additional heating.
Concerning the destabilizing mechanisms, we have shown that n 8 EPMs are driven unstable mainly by the resonance with trapped energetic particles: indeed, they disappear if the mirroring term in the energetic-particle parallel dynamics is artificially removed. The MHD-like modes are apparently less sensitive to a specific resonance, and, consistently with their character, they do not discriminate between trapped and transit particle dynamics.
The investigation of the system nonlinear dynamics has shown that the effects on the alpha-particle confinement at the reference drive values are very small for the SC2 and the SCH cases. For the SC4 scenario, some broadening of the alphaparticle pressure profile is observed, indicating a certain level of inconsistency of the scenario itself. Simulations performed with increasing drive intensity show that a strong flattening of the alpha-particle pressure profile can occur in the inner plasma region for the SC2 case, while the global confinement of such particles is not significantly affected. The SC4 case presents more pronounced effects in the outer portion of the discharge, because of the outer localization of the modes, with less impact on the on-axis pressure value. Further diffusion due to saturated fields leads to particle losses even for relatively moderate drive increase. In the SCH scenario, no significant consequences are observed below the EPM threshold. If such a threshold is exceeded, effects on the alpha-particle pressure are similar to those in the SC4 case, but more limited for a given growth rate.
On the basis of these results, we can conclude that all the considered ITER scenarios deserve further investigations in order to assess their consistency with Alfvén mode dynamics. This is apparent for the SC4 case, which presents modifications of the alpha-particle pressure profile even at the reference value. For the other two cases, the need for more accurate analyses is motivated by the difficulties in predicting exactly the energetic-particle energy content and, hence, in excluding that the system be characterized by significantly more unstable regimes.
Several points-of different sign-should be noted, before making these considerations conclusive. First, only low or moderate toroidal mode numbers have been examined. This limitation does not turn out to be too severe as far as modes driven by the resonant interaction with trapped particles are concerned, because of the sharp cut-off in the growth rates expected for such modes for k ⊥ ρ B 1. Though trapped particle resonances appear, indeed, to be the most relevant in the examined n range, we cannot exclude that, at larger n, the transit resonance with circulating particles can drive even more unstable modes than those we have considered. Second, the fact that single toroidal mode number dynamics is considered here can result in underestimating the effects of Alfvén modes. Indeed, alpha-particle transport could be enhanced by different-n resonance overlap. Third, the damping mechanisms related to kinetic effects of bulk plasma components are neglected in our numerical model. This, in general, can cause an overestimation of the instability level of each scenario. However, we have evaluated a posteriori the strength of the most important among these mechanismsnamely, the ion and the trapped-electron Landau dampingfinding that in the radial region where the modes are localized both damping mechanisms are negligible with respect to the growth rates obtained for the nominal scenarios ( 4% for the n = 2 SC2 case and 10% for the n = 2 SC4 case). The only exception is represented by the SCH case: the neglected bulkplasma kinetic effects yield damping rates of the same order of the growth rate related to the energetic particles. This is not due, however, to an increased relevance of the former, but to the reduced effectiveness of the latter, and any additional damping mechanism can, in principle, make a weakly driven system stable. Finally, PIC simulations based on model equations truncated at O(ω 2 /ω 2 cH ) cannot address the dynamics of a plasma discharge on the long transport time scale [19] . The stability of a given scenario is then analysed by assuming the reference equilibrium, i.e. without considering how its formation is affected by the Alfvén mode dynamics itself. Even if the strongest-drive cases were accessible, a multiple time scale dynamic approach could then in principle show that the fast-mode dynamics is in fact regulated by the nonlinear effects produced by weaker Alfvén modes driven unstable while the alpha-particle pressure gradient is building up. If this were the case, the overall alpha-particle redistribution and transport could be less severe than that discussed in the present paper, possibly at the expense of the achievable fast ion energy density.
